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Abstract 

Purpose: Optical imaging techniques for measuring tissue hemoglobin concentration have been recently accepted as a way 
to assess tumor vascularity and oxygenation. We investigated the correlation between early optical response to single-agent 
bevacizumab and treatment outcome. 

Methods: Seven patients with advanced or metastatic breast cancer were treated with single-agent bevacizumab followed 
by addition of weekly paclitaxel. Optical imaging of patient's breasts was performed to measure tumor total hemoglobin 
concentration (tHb) and oxygen saturation (st0 2 ) at baseline and on days 1, 3, 6, 8, and 13 after the first infusion of 
bevacizumab. To assess early metabolic response, 2-deoxy-2-( 18 F)-fluoro-D-glucose (FDG) positron emission tomography/ 
computed tomography (PET/CT), 18 F-fluoromisonidazole (FMISO)-PET/CT, and magnetic resonance imaging were performed 
at baseline and after two cycles of the regimen. 

Results: Seven patients were grouped as responders (n = 4) and nonresponders (n = 3) on the basis of metabolic response 
measured by FDG-PET/CT. The responders showed remarkable tumor shrinkage and low accumulations of FMISO tracer 
relative to those of the nonresponders at the completion of two cycles of chemotherapy. Tumors of both groups showed 
remarkable attenuation of mean tHb as early as day 1 after therapy initiation. The nonresponders had lower baseline st0 2 
levels compared with adjacent breast tissue st0 2 levels along with a pattern of steadily low st0 2 levels during the 
observation window. On the other hand, the responders appeared to sustain high st0 2 levels with temporal fluctuation. 

Conclusions: Low tumor st0 2 level after single-agent bevacizumab treatment was characteristic of the nonresponders. 
Tumor st0 2 level could be a predictor of an additional benefit of bevacizumab over that provided by paclitaxel. 
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Introduction 

Bevacizumab, a monoclonal antibody against vascular endo- 
thelial growth factor (VEGF) A, has demonstrated clinical efficacy 
in combination with chemotherapy in patients with HER2 
negative breast cancer [1],[2]. To date, although it is believed 
that a particular subset of patients could greatly benefit from early 
adoption of bevacizumab in addition to chemotherapy, no specific 
biomarkers for assessing bevacizumab response have been 
consistently validated [3] . 



Diffuse optical spectroscopic imaging (DOSI) is a noninvasive 
imaging technology using near-infrared light that can measure 
tissue hemoglobin concentration obtained from spectroscopic oxy- 
hemoglobin (0 2 Hb) and deoxy-hemoglobin (HHb) data as well as 
directly visualize vascularity and tissue oxygenation indicated from 
tHb (0 2 Hb+HHb) and st0 2 (0 2 Hb/tHb), respectively [4], [5]. 
DOSI has been currently integrated into several clinical 
neoadjuvant studies that have explored hemodynamic biomarkers 
for predicting early treatment response [6], [7], [8]. 
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Zhu et al. reported that remarkable reduction in tumor tHb of 
primary breast cancer after early treatment cycles of neoadjuvant 
chemotherapy could predict favorable pathological outcome [7]. 
In a separate study, Roblyer et al. reported that transient increase 
in 0 2 Hb on day 1 after chemotherapy initiation was characteristic 
of responders but not nonresponders [8]. These results suggested 
the clinical importance of tumor oxygenation response to 
chemotherapy sensitivity . Jain first proposed a therapeutic concept 
with bevacizumab involving a "normalization window" of tumor 
vasculature in which more accurate remodeling of the disorga- 
nized structure and abnormal functioning of tumor vessels would 
improve perfusion and enhance tissue oxygenation, which would 
result in more efficient delivery of cytotoxic drugs [9]. We 
hypothesized that if vascular normalization occurs after successful 
vascular remodeling, tumor tHb level should decrease and st0 2 
level should simultaneously improve. 

In this clinical study, we used DOSI to monitor tumor mean 
tHb and st0 2 levels after the initiation of single-agent bevacizu- 
mab followed by cytotoxic chemotherapy in patients with 
advanced or metastatic breast cancer and determined if early 
changes in tHb and st0 2 over a period of single-agent 
bevacizumab administration could be a predictor of treatment 
response. 

Materials and Methods 

From October 2012 through December 2013, we enrolled 
patients with locally advanced or metastatic HER2-negative breast 
cancer (TNM stage III or IV) to receive a combination 
chemotherapy regimen with paclitaxel and bevacizumab. Patients 
who have received prior chemotherapy or hormonal therapy 
before participating in this study were also included. Patient 
history, including histopathological and radiological imaging 
results and Ki67 proliferative index, was obtained from medical 
records. The treatment regimen reported in the study was 
standard care. 

This study was approved by the institutional review board of the 
International Medical Center, Saitama Medical University, and 
written informed consent was obtained from each participant prior 
to inclusion (12-084). 

Chemotherapy regimen 

All patients received bevacizumab (5 mg/kg body weight) 
intravenously on days 1 and 15 in combination with paclitaxel 
(80 mg/m 2 body surface area) on days 1, 8, and 15, repeated every 
4 weeks (Figure 1) [10]. Paclitaxel infusion was omitted on the first 
day of the first cycle. Dexamethasone (6.6 mg) and an H 2 
antagonist were used for supportive treatment during the course of 
chemotherapy; however, use of these drugs in the first infusion of 
bevazicumab was omitted. Breast surgery was performed for 
patients deemed resectable after 5-6 weeks of completion of the 
initial chemotherapy. Treatment continued for six cycles unless 
there was disease progression, unacceptable toxicity, or withdrawal 
of consent. If study treatment was discontinued, further local and/ 
or systemic treatment was permitted at the investigator's 
discretion. 

TRS breast imaging system 

To extract quantitative hemoglobin concentrations from breast 
tissue, we developed a system that used a time-correlated single- 
photon counting (TCSPC) method for measuring temporal 
response profiles of tissue against optical pulse inputs and enabled 
quantitative analysis of light absorption and scattering in tissue 
according to the photon diffusion theory [4], [11]. This approach 



could quantify 0 2 Hb and HHb tissue levels. Details of the TRS 
breast imaging system have been previously published [12]. 

An ultrasound-assisted optical probe was used to visualize the 
largest tumor lesions, which were located in the center of a 1 0-mm 
square grid map that was constructed for the lesion and 
surrounding normal tissue. The grid map of a tumor-bearing 
breast basically comprised 7x7 points with a 10-mm interval 
between two points in the x-y dimension. For spline interpolation, 
custom software (DataBreastViewer, version 109; SincereTechnol- 
ogy Corp., Kanagawa, Japan) was used to perform 2D image 
processing and analysis. 

Hemodynamic biomarkers 

The distribution of tHb levels of a tumor-bearing breast shows 
the functional vascular tumor volume, which is contrasted by that 
of the surrounding normal tissue. The distribution of st0 2 levels 
maps the magnitude of tissue oxygenation of breast tissue. A 
lesional region of interest (ROI) 2 cm in radius from the center of 
the tumor was constructed, and the mean levels of tHb and st0 2 
were calculated. To demonstrate the capacity of DOSI to reveal 
the tumor response of bevacizumab, we monitored changes in the 
mean levels of tHb and st0 2 of a tumor-bearing breast and a 
normal contralateral breast at baseline (day -1) and on days 1, 3, 6, 
8, and 13 after the first infusion of bevacizumab. 

Serial examination of positron emission tomography 
(PET)/computed tomography (CT) using 2-deoxy-2-( 18 F)- 
fluoro-D-glucose (FDG) and 18 F-fluoromisonidazole 
(FMISO) 

Biograph 6 (Siemens, Medical Systems, Inc.:Suite, Washinton, 
D.C., United States) was used to perform PET/CT. Details of the 
FDG PET/CT procedure have been described previously [13] 
[14]. All patients were required to fast for at least 6 h to confirm 
normal glucose blood levels. One hour after the administration of 
FDG tracer (3.7 MBq/kg), the patients were positioned prone on 
the whole-body PET/CT scanner couch. CT was initially 
performed followed by a PET emission scan that covered the 
identical transverse field of view. The Biograph allows simulta- 
neous collection of 16 slices over a span of 15.8 mm with a slice 
thickness of 2.5 mm and a transaxial resolution of 6.3 mm. The 
acquisition time was 2 min per table positron. PET scans were 
processed, reconstructed with an ordered subset expectation 
maximization, and measured attenuation correction. Ordered 
subset expectation maximization image reconstruction was used 
for all data. Acquisition of PET data was operated in three- 
dimensional and high resolution mode. 

According to protocol, FMISO-PET/CT scan was basically 
performed 1 day after the FDG-PET/CT scan. All patients were 
intravenously injected with 7.4 MBq/kg of FMISO. At 2 h after 
injection, FMISO-PET/ CT was performed immediately after the 
CT scan. ROIs with 1 .0-cm maximum diameters were drawn on 
the areas of abnormal FDG or FMISO accumulation correspond- 
ing to the baseline tumor lesions. In a series of PET/CT scans, 
care was taken to draw the ROI in the same lesion as shown on the 
baseline lesion. For deciding each ROI, CT combined with PET 
provided anatomical landmarks for detecting the lesion, and the 
maximal standardized uptake value (SUVmax) was recorded from 
the target. The PET/CT images were analyzed by at least two 
radiologists in a blinded manner. SUV was calculated according to 
the following formula: 

SUV = activity concentration in ROI (MBq/ml)/injection dose 
(MBq/kg body weight). The serial FDG and FMISO PET/CT 
scans were scheduled before treatment initiation and after two 
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Figure 1 . The schedule of treatment and imaging tests. Schematic of combination treatment for patients with advanced or metastatic breast 
cancer. All patients received bevacizumab (5 mg/kg body weight) intravenously on days 1 and 15 in combination with paclitaxel (80 mg/m 2 body 
surface area) on days 1, 8, and 15 and repeated every 4 weeks. Subsequently, the patients underwent 5 additional cycles of bevacizumab and 
paclitaxel. Both before treatment and after the 2 nd cycle of chemotherapy, the patients underwent MRI, FDG-PET/CT, and FMISO-PET/CT. Imaging 
using diffuse optical spectroscopy was also performed on day 1 before the first infusion of bevacizumab and on days 1, 3, 6, 8, and 13 after the 
infusion. 

doi:10.1371/journal.pone.0098715.g001 



cycles of chemotherapy. PET/ CT scans were performed at least 2 
weeks after performing a diagnostic core biopsy and after infusion 
of drug. 

Serial examination using breast magnetic resonance 
imaging (MRI) 

Details of the breast MRI have been described previously [15]. 
The device used was a 1.5-T instrument (Avanto; Siemens, 
Erlangen, Germany) that used a body coil for transmission and a 
two-channel breast array coil for reception. For measuring 
maximum diameters of lesions, post-contrast coronal, axial, and 
sagittal images obtained by contrast-enhanced dynamic imaging 
were used. The percentage changes in tumor maximal size at 
baseline and after two cycles for lesions were assessed radiograph- 
ically. 

Study end points 

The schedule of imaging studies using DOSI, MRI, FDG-PET/ 
CT, and FMISO-PET/CT is shown in Figure 1. Early tumor 
metabolic response assessed by serial FDG-PET/CT has been 
widely accepted as predictive of clinicopathological outcome for 
advanced breast cancer in a neoadjuvant setting [16], [17]. An 
optimal cutoff value between 40% and 65% of the baseline SUV 
has been suggested for potential early identification of nonre- 
sponders. In this study, we employed a reduction rate of 40% as a 
cutoff value for FDG-SUV to separate responders from nonre- 
sponders (Figure 2A). 

Criteria for morphological response 

Patients underwent MRI tests to compare size reduction 
between baseline and the completion of treatment according to 
the RECIST guideline [18]. The protocol stipulated that the initial 
treatment should be discontinued in patients who showed 



progressive disease (PD) (20% or more increase in size) or 
appearance of new metastatic lesions and that such patients should 
be excluded from further participation in the study. 

Assessment of pathological response 

Pathological tumor response was determined on the basis of the 
General Rules of Criteria and Pathological Recording of Breast 
Cancer 2007 by at least two pathologists [19]. Surgical specimens 
were cut in 0.5-cm-thick slices and evaluated for the presence of 
microscopic tumor cells in the invasive area as well as areas with 
marked fibrosis or scarring, and the presence of ductal component 
and lymph nodal metastasis was not evaluated. No residual 
invasive cancer cells in all areas of the surgical specimens was 
defined as pathological complete response or pCR (grade 3). The 
disappearance or marked degeneration of two-thirds or more of 
the tumor cells was defined as substantially effective (grade 2). The 
disappearance or marked degeneration of one-third to less than 
two-thirds was defined as moderately effective (grade lb). The 
disappearance or marked degeneration of less than one-third of 
the tumor cells or mild tumor cell degeneration, regardless of the 
percentage, was defined as mildly effective (grade la). Almost no 
change in cancer cells after treatment was defined as not effective 
(grade 0). 

Statistics 

MedCalc software (Mariakerke, Belgium) was used to perform 
statistical evaluations. Continuous variables were presented as 
means, median, and standard deviations (SD). A paired Student's 
i-test was used to analyze changes in variables. Differences at a p 
value of less than 5% were considered to be statistically significant. 
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Figure 2. Results of tumor shrinkage and hypoxia after 2 cycle of chemotherapy. A. Percentage change in 18F-fluorodeoxyglucose 
uptake expressed as standardized uptake value (%SUV) from baseline after 2 nd cycle of chemotherapy regimen. Patients with %SUV >-40% were 
considered as responders and others were as nonresponders. B. Representative examples of transversal fused PET/CT scans at baseline and after 2 nd 
cycle of chemotherapy with responders (No. 2) and nonresponders (No. 6) are shown. C. Percentage change in maximal size as measured by breast 
MRI at baseline and after 2 nd cycle of chemotherapy. Patient Nos. 1, 2, 3, and 4 were responders and Nos. 5, 6 and 7 were nonresponders. There were 
no significant difference between responders (mean — 24.9±26.4 SD) and nonresponders (mean 12.7±23.9 SD, p = 0.1). D. Lesion maximal SUV 
(SUVmax) as measured by FMISO-PET/CT at the completion of the 2 nd cycle of chemotherapy. The intensity of SUVmax indicates hypoxic activity of 
the tumor. Nonresponders (mean 2.6±0.7 SD) had significantly higher FMISO-SUVmax than responders (mean 1.4±0.4 SD, p = 0.03) 
doi:10.1371/journal.pone.0098715.g002 



Results 

Baseline characteristics 

We enrolled seven women in this study. All patients received at 
least two cycles of the regimen. One patient (No. 3) declined 
further treatment after the completion of two cycles and was 
therefore withdrawn from the study. Another patient (No. 6) 
discontinued the study treatment because of a paclitaxel-induced 
infusion reaction and then received further chemotherapy using 
nab-particle paclitaxel on a triweekly basis. All patients underwent 
DOSI, MRI, FDG-PET/CT, and FMISO-PET/CT imaging tests 
on treatment. 

The baseline characteristics of the seven patients are shown in 
Table 1 . The median age of the patients was 52.6 years (range, 
36-63 years), and the median tumor size was 51.7 mm (range, 30- 
67 mm) assessed by breast MRI. Based on breast MRI and FDG- 
PET/CT examination, five patients were determined to have 
TNM stage III and two patient had stage IV with lung and 



multiple bone metastases. One patient (No. 1) had previously 
received hormonal therapy, and the other six patients had not 
previously received systemic therapy. Five patients had histolog- 
ically invasive ductal carcinoma (IDC) with luminal subtype, and 
two patients had IDC with triple-negative subtype. 

Assessment of therapeutic response 

Employing a reduction rate of 40% as a cutoff value for FDG- 
PET/ CT metabolic response, tumors with reductions &40% were 
defined as responders (n = 4), and tumors with <40% reductions 
were denned as nonresponders (n = 3) (Figure 2A and B). Figure 2C 
showed that the responders achieved remarkable tumor shrinkage 
(mean, -24.9% ±26.4 SD) and Figure 2D showed low levels of 
FMISO-SUV (mean, 1.4, ±0.4 SD) at the completion of the 2 nd 
cycle of chemotherapy. On the other hand, the nonresponders 
showed no evidence of tumor shrinkage (mean, 1 2. 7% ±23.9 SD) 
but still sustained high levels of FMISO-SUV (mean, 2.6±0.7 SD) 
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at the same time point. There was significant difference of 
FMISO-SUV level between responders and nonresponders 
(p = 0.03). 

All nonresponding patients included PD on the basis of 
RECIST criteria and/or histopathologically no response (grade 
0) following surgery. On the other hands, all responding patients 
included partial response (PR) and/ or histopathologically marked 
or moderate response (grade 2 or grade lb) (Table 2). 

Assessment of hemodynamic biomarkers 

Figure 3A and B showed three dimensional reconstruction 
mapping of tHb and st0 2 levels of tumor-bearing breast and 
contralateral normal breast. All patients had a hotspot corre- 
sponding to tumor lesion and significantly higher tHb of tumor- 
bearing breast (mean, 60.5 |J.M±38.5 SD) compared with that of 
contralateral normal breast (mean, 15.2 uM±5.1 SD, p = 0.009). 
Responding tumors (mean, 37.2% ±9.5 SD) had significandy 
lower level of tHb compared to nonresponding tumors (mean, 
91.6%±42.1 SD, p = 0.04). In contrast, for st0 2 maps, there was 
no difference between tumor (mean, 67.3% ±9.3 SD) and normal 
tissue (mean, 67.3% ±5. 1 SD, p = 0.9). Responding tumors 
appeared an elevation of st0 2 level corresponding to tumor lesion 
and surrounding normal tissue, while nonresponding tumors 
showed a dip of st0 2 level compared to surrounding normal tissue. 

Figures 4 present serial maps of the distribution of tHb (A) and 
st0 2 (B) levels in tumor-bearing breasts of all the patients over the 
observed time window during treatment. 

Figure 5A shows the change in the mean tumor tHb levels from 
baseline during treatment. The mean tumor tHb level at baseline 
(mean, 60.5 |J.M±38.5 SD) was compared with those at day 1 
(mean, 49.6 uM±26.3 SD, p = 0.5), day 3 (mean, 47.5 u_M±32.3 
SD, p = 0.5), day 6 (mean, 54.6 uM±41.9 SD, p = 0.7), day 8 
(mean, 50.5 uM±30.9 SD, p = 0.6), and day 13 (mean, 
58.8 uM±40.7 SD, p = 0.9). There were no significant difference 
of tumor tHb level between responders and nonresponders on 
each time point. 

Figure 5B shows the observed mean tumor st0 2 percentage at 
baseline and during the treatment. The mean st0 2 percentage at 
baseline did not differ between responders (mean, 70.9% ±10.5 
SD) and nonresponders (mean, 62.4% ±5.4 SD, p = 0.1), but the 
mean st0 2 percentage was significantly higher in responding 
tumors at day 1 (mean, 71.1%±4.2 SD), day 3 (mean, 69.9%±9.6 
SD), day 6 (mean, 71.6%±3.7SD) compared to nonresponding 
tumors at day 1 (mean, 58.7% ±5.4 SD, p = 0.02), day 3 (mean, 
55.3%±6.0 SD,p = 0.04), day 6 (mean, 58.7%±7.5 SD,p = 0.03). 
There were no significant difference at day 8 and 1 3 between two 
groups. 

Discussion 

In this study, the breast cancer patients showed considerable 
variation in the early responses to single-agent bevacizumab. Our 
initial experience illustrates at least two patterns of tumor 
hemodynamics. When the patients were grouped into responders 
and nonresponders on the basis of the serial FDG-PET/CT 
results, both groups showed remarkably elevated tHb in lesions 
relative to the adjacent breast tissue tHb levels. Figure 5A shows 
that a transient decrease from the baseline tumor tHb level 
occurred in the responders and nonresponders during the first 1 
weeks. This finding indicates that a decrease in tumor vascularity 
could not be a biomarker of substantially therapeutic response to 
bevacizumab but may be an indicator of other pharmacological 
effects of bevacizumab; for example, blockage of VEGF, which 
induces vasoconstriction [20]. Van der Veldt et al. reported that 
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Figure 3. Baseline maps of breast tHb and st0 2 . Three dimensional reconstruction mapping of baseline tHb (A) and st0 2 (B) of tumor-bearing 
breast and contralateral normal breast. Tumor-bearing breast map shows a 6x6-cm measurement area that included the tumor located at the center 
and surrounding normal tissues at the margins. Contralateral normal breast map includes a 4x4-cm measurement area corresponding a mirror image 
location. 

doi:1 0.1 371 /journal.pone.009871 5.g003 

patients who received single-agent bevacizumab had a significant substantial recovery in VEGF level after 4 days [21]. This trend of 
decrease in plasma levels of circulating VEGF at 3 h after circulating VEGF level is consistent with our results of early tHb 
bevacizumab administration and the majority of patients had a response to bevacizumab. 
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Figure 4. Serial maps of tumor-bearing breast tHb and st0 2 on treatment. Serial maps of tumor-bearing breast tHb (A) and st0 2 (B) during 
bevacizumab treatment at baseline (day — 1 ) and on days 1 , 3, 6, 8, and 1 3 after the initiation of bevacizumab. The measurement points of st0 2 were 
exactly identical to those of tHb during treatment. 
doi:1 0.1 371 /journal.pone.009871 5.g004 
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Figure 5. Results of serial monitoring of tumor tHb and st0 2 during bevacizumab treatment. A. Percentage change in tumor tHb on days 
1, 3, 6, 8, and 13 after the initiation of bevacizumab relative to the baseline level. There were no significant difference of the value between 
responders and non-responders during the time points. B. The mean value of st0 2 at baseline (Day —1) and on days 1, 3, 6, 8, and 13 after the 
initiation of bevacizumab. The value of nonresponders was significantly lower than that of responders on day 1, day 3, and day 6 (p<0.05). 
doi:10.1371/journal.pone.0098715.g005 



Figure 3B shows that the baseline stO z values of nonresponding 
tumors (Nos. 5, 6 and 7) were lower than those of the surrounding 
normal breast tissues, and sequential maps of figure 4B showed 
that relatively low levels of tumor st0 2 were sustained over the 
observation time window. In fact, these two patients had 
unfavorable pathological outcomes based on surgical findings 
and the other patient had progression of both primary and distant 
metastatic lesions after treatment. This result may indicate that 
severe chronic hypoxia was present at baseline with insufficient 
vascular remodeling and failure to normalize even after infusion of 
bevacizumab. On the other hand, the observed mean stO z levels 
of figure 5B at different time points in responding tumors 
fluctuated depending on the patient, but they apparently trended 
higher than those of the adjacent normal tissues during the 
observation time window. For example, the No. 2 patient had a 
responding tumor that showed a gradual increase in st0 2 on days 
1 and 3 despite attenuation of tHb. This result may explain the 
effect of bevacizumab, which contributes to normalization of the 
tumor vasculature and enhances oxygenation. In fact, the No. 2 
patient had a better pathological outcome with minimally invasive 
components at surgery. In the other patients defined as 
responders, the tumor st0 2 levels also varied greatly in response 
to bevacizumab but remained high during the observation time 
window. However, these tumors substantially improved st0 2 after 
paclitaxel and then achieved favorable pathological results. Thus, 
the concomitant change in tumor st0 2 may indicate how 
efficiently tumor oxygenation has recovered following vascular 
remodeling due to VEGF blockage. 

In a retrospective study that examined 4 1 breast cancer patients 
who underwent neoadjuvant chemotherapy, Ueda et al. reported 



that elevated baseline levels of tumor st0 2 significantly correlated 
with pCR [22]. In addition, the investigators claimed that tumor 
reoxygenation exhibited by elevation of tumor 0 2 Hb as early as 
day 1 after the initiation of cytotoxic chemotherapy, which is 
called 0 2 Hb flare, was adequate to discriminate nonresponding 
tumors from both partial and complete responders [8]. These 
findings were consistent with the current result that showed the 
significance of tumor oxygenation to improve chemotherapy 
response. 

In essence, vascular normalization is considered to occur only in 
regions of the tumor where the abnormal and immature 
vasculature of the tumor microenvironment has been corrected 
by proper dosing and timing of bevacizumab, which would result 
in sufficient oxygen delivery [23]. In other words, our experience 
suggests that if vascular remodeling fails, bevacizumab-induced 
vessel regression may cause more severe hypoxia in the tumor 
microenvironment. However, a limitation of this preliminary study 
is that the number of patients was too limited to confirm this 
speculation. A larger number of patients is needed to verify our 
findings and provide sufficient evidence to support our speculation 
concerning the possible effect of bevacizumab in patients with 
failure of vascular remodeling. 

In conclusion, this noninvasive optical imaging technique for 
visualizing vascularity and oxygenation could be useful for tracking 
the vascular normalization window. Although our findings are not 
definitive, the initial results suggest that a further study to identify a 
particular subset of patients who would benefit from bevacizumab 
may be beneficial. 



PLOS ONE | www.plosone.org 



8 



June 2014 | Volume 9 | Issue 6 | e98715 



Optical Oxygenation Imaging for Bevacizumab 



Acknowledgments 

The authors thank Noriko Wakui for her excellent technical assistance and 
Yukio Ueda, PhD and Yutaka Yamashita, Central Research Laboratory, 
Hamamatsu Photonics K.K. for their sincere cooperation of this research. 

References 

1. Miller K, Wang M, GralowJ, Didder M, Coblcigh M, ct al. (2007) Paclitaxel 
plus bevacizumab versus paclitaxel alone for metastatic breast cancer. 
N Engl J Med 357: 2666-2676. 

2. Bear HD, Tang G, Rastogi P, Geycr CE Jr, Robidoux A, ct al. (2012) 
Bevacizumab added to neoadjuvant chemotherapy for breast cancer. 
N EnglJ Med 366: 310-320. 

3. Jain RK, Duda DG, Willett CG, Sahani DV, Zhu AX, ct al. (2009) Biomarkers 
of" response and resistance to antiangiogenic therapy. Nat Rev Clin Oncol 6: 
327-338. 

4. Patterson MS, Chance B, Wilson BG (1989) Time resolved reflectance and 
transmittance for the non-invasive measurement of tissue optical properties. 
Appl Opt 28: 2331-2336. 

5. Ccrussi A, Shah N, Hsiang D, Durkin A, Butler J, ct al. (2006) In vivo 
absorption, scattering, and physiologic properties of 58 malignant breast tumors 
determined by broadband diffuse optical spectroscopy. J Biomcd Opt 11: 
044005. 

6. Tromberg BJ, Ccrussi A, Shah N, Compton M, Uurkin A, et al. (2005) Imaging 
in breast cancer: diffuse optics in breast cancer: detecting tumors in pre- 
menopausal women and monitoring neoadjuvant chemotherapy. Breast Cancer 
Res 7: 279-285. 

7. Zhu Q, DeFusco PA, Ricci A Jr, Cronin EB, Hegde PU, ct al. (2013) Breast 
cancer: assessing response to neoadjuvant chemotherapy by using US-guided 
near-infrared tomography. Radiology 266: 433-442. 

8. Roblyer D, Ucda S, Ccrussi A, Tanamai W, Durkin A, et al. (2011) Optical 
imaging of" breast cancer oxyhemoglobin flare correlates with neoadjuvant 
chemotherapy response one day after starting treatment. Proc Natl Acad 
Sci U S A 108: 14626-14631. 

9. Jain RK (2005) Normalization of tumor vasculature: an emerging concept in 
antiangiogenic therapy. Science 307: 58-62. 

10. Aogi K, Masuda N, Ohno S, Oda T, Iwata H, et al. (2011) First-line 
bevacizumab in combination with weekly paclitaxel for metastatic breast cancer: 
efficacy and safety results from a large, open-label, single-arm Japanese study. 
Breast Cancer Res Treat 129: 829-838. 

11. Ueda Y, Yoshimoto K, Ohmac E, Suzuki T, Yamanaka T, ct al. (201 1) Timc- 
resolved optical mammography and its preliminary clinical results. Tcchnol 
Cancer Res Treat 10: 393-401. 

12. Ucda S, Nakamiya N, Matsuura K, Shigckawa T, Sano H, et al. (2013) Optical 
imaging of tumor vascularity associated with proliferation and glucose 
metabolism in early breast cancer: clinical application of total hemoglobin 
measurements in the breast. BMC Cancer 13: 514. 



Author Contributions 

Conceived and designed the experiments: SU T. Saeki IK. Performed the 
experiments: SU T. Shigekawa H. Shimada H. Sano EH AO HT. 
Analyzed the data: SU MO IK. Contributed re agents /mate rials /analysis 
tools: H. Suzuki MO. Wrote the paper: SU T. Saeki IK. 



13. Ueda S, Saeki T, Shigekawa T, Omata J, Moriya T, et al. (2012) 18F- 
fluorodeoxy glucose positron emission tomography optimizes neoadjuvant 
chemotherapy for primary breast cancer to achieve pathological complete 
response. Int J Clin Oncol 17: 276-282. 

14. Imabayashi E, Matsuda H, Yoshimaru K, Kuji I, Scto A, ct al. (201 1) Pilot data 
on telmisartan short-term effects on glucose metabolism in the olfactory tract in 
Alzheimer's disease. Brain Behav 1: 63-69. 

15. Mizukoshi W, Kozawa E, Inouc K, Saito N, Nishi N, et al. (2013) (1)H MR 
spectroscopy with external reference solution at 1.5 T for differentiating 
malignant and benign breast lesions: comparison using qualitative and 
quantitative approaches. Eur Radiol 23: 75-83. 

16. Wang Y, Zhang C, Liu J, Huang G (2012) Is 18F-FDG PET accurate to predict 
neoadjuvant therapy response in breast cancer? A meta-analysis. Breast Cancer 
Res Treat 131: 357-369. 

17. Mghanga FP, Lan X, Bakari KH, Li C, Zhang Y (2013) Fluorine-18 
fluorodeoxyglucosc positron emission tomography-computed tomography in 
monitoring the response of breast cancer to neoadjuvant chemotherapy: a meta- 
analysis. Clin Breast Cancer 13: 271-279. 

18. Eisenhauer EA, Therasse P, Bogaerts J, Schwartz LH, Sargent D, ct al. (2009) 
New response evaluation criteria in solid tumours: revised RECIST guideline 
(version 1.1). Eur J Cancer 45: 228-247. 

19. Kurosumi M, Akashi-Tanaka S, Akiyama F, Komoike Y, Mukai H, ct al. (2008) 
Histopathological criteria for assessment of therapeutic response in breast cancer 
(2007 version). Breast Cancer 15: 5—7. 

20. Robinson ES, Khankin EV, Choueiri TK, Dhawan MS, Rogers MJ, et al. (20 1 0) 
Suppression of the nitric oxide pathway in metastatic renal cell carcinoma 
patients receiving vascular endothelial growth factor-signaling inhibitors. 
Hypertension 56: 1131-1136. 

21. Van der Veldt AA, Lubberink M, Bahce I, Walraven M, de Boer MP, et al. 
(2012) Rapid decrease in delivery of chemotherapy to tumors after anti-VEGF 
therapy: implications for scheduling of anti-angiogenic drugs. Cancer Cell 21: 
82-91. 

22. Ueda S, Roblyer U, Ccrussi A, Uurkin A, Leproux A, et al. (2012) Baseline 
tumor oxygen saturation correlates with a pathologic complete response in 
breast cancer patients undergoing neoadjuvant chemotherapy. Cancer Res 72: 
4318-4328. 

23. Goel S, Duda DG, Xu L, Munn LL, Boucher Y, et al. (201 1) Normalization of 
the vasculature for treatment of cancer and other diseases. Physiol Rev 91: 
1071-1121. 



PLOS ONE | www.plosone.org 



9 



June 2014 | Volume 9 | Issue 6 | e98715 



